Anomalously large dielectric aging is found in the high-susceptibility plateau ferroelectric regime of ~95% deuterated potassium dihydrogen phosphate (DKDP). Much less aging is found in non-deuterated KDP. Optical images of the DKDP domain structure show no dramatic change during aging. Small changes in electric field restore the pre-aged susceptibility, but the previous aging almost recovers after returning to the aging field. Susceptibility vs. field can show memory of at least two prior aging fields. Rectifying non-linear susceptibility develops for fields slightly above or below a prior aging field. Aging effects are not fully erased even by brief heating above the Curie point, indicating a role for diffusion of hydrogen to the domain walls, leaving changes in disorder that can survive temporary absence of domain walls. Abrupt random-sign steps in polarization on cooling are accompanied by increases in susceptibility, indicating competition between large-scale domain-wall interaction effects and effects of local interactions with disorder.
Introduction
KH 2 PO 4 (KDP) 1 and its deuterated version, KD 2 PO 4 (DKDP) 2 , are commonly used nonlinear dielectrics, each with a ferroelectric (FE) phase. In KDP and DKDP, the FE phases show unusual plateaus in the real dielectric constant ε' over a temperature range below the Curie temperature, T C , with the large susceptibility arising from a dense array of 180° domain walls. [2] [3] [4] The origins of the abrupt loss of susceptibility at low temperature are not fully understood, but they may be driven by a phase transition or sharp crossover, involving interactions among the domain walls 3, 5 and probably pinning by interaction with disorder 6, 7 . This effect motivates studying dynamical symptoms of such cooperative behavior in the plateau region, such as the aging effects-i.e. reduction in ε' over time under fixed conditions-that have been found in KDP. 6 Here we report an unusually strong aging effect in a typical, incompletely deuterated 2, 8 commercial DKDP sample. In contrast, KDP shows much smaller aging. Since both materials have similar plateau regions, the origins of the large aging in DKDP shed only indirect light on the physics of the plateau. The origin of the large aging is also interesting in itself.
There are, broadly speaking, two main types of aging in disordered domain systems. 9 One consists simply of domain growth, which reduces the domain-wall area, and thus reduces the large component of ε' that comes from the domain walls. The other consists of gradual settling of domain walls into low free-energy configurations, stuck to underlying disorder. In typical cases, this settling consists of changes in domain wall configuration to fit quenched disorder 6, 9 , but it can also result from changes in the disorder to fit a particular domain wall configuration. The latter case is often found in magnetic after-11/16/16 3 effects (e.g. 10 , and some ferroelectric systems, e.g. 11 ), driven by the diffusion of mobile defects to domain walls. Since for KDP and DKDP interactions among the domain walls are suspected to lead to a sort of glassy freezing 3, 5 , in addition to traditional domain aging mechanisms there could also be more complicated aging typical of glasses and spinglasses, but with domains as the ingredients. 9 We use a variety of probes, ranging from optical imaging to behavior of ε' and non-linear susceptibility under various field-temperature (E, T) histories, to probe the origins of what turns out to be anomalously large aging in DKDP. The main types of aging under consideration include:
1) Simple domain growth, i.e. reducing the net area of the domain walls from which most of the response arises.
2) Settling of the system of interacting domain-walls into a low free-energy state, with reduced response in the experimental frequency range.
3) Settling of the domain walls and lattice disorder into a well-pinned low free- freezing at the low-T edge of the plateau. Thus the large aging found in DKDP is not directly due to the shared physics behind that effect, whatever it may turn out to be.
Likewise, we find major non-linear response in DKDP, similar to that previously reported in KDP. 7 We then present results showing that the aging effect in DKDP is not due to domain growth, and that the settling of interacting domain walls into the frozen set found below the plateau competes with rather than enhances the aging, leaving domain-wall pinning effects as the mechanism. 
Materials and Methods
DKDP crystals were obtained from United Crystals and KPD crystals were grown from water solution at the University of Illinois at Urbana-Champaign. For optics, the samples were polished using lapping discs with grit size down to 0.3 µm. Optical images, including digital movies, of the domain structure were obtained via polarized light microscopy using a Leica DM2700 microscope. Typical dimensions of the samples used for dielectric measurements were ~ 1mm thickness and ~ 6.5mm 2 area. Samples were made into capacitors by depositing a thin layer of Cr (~10nm) followed by about 100 nm of Ag via thermal evaporation.
Most of our dielectric response measurements were made with applied ac voltage at 100Hz, using a standard lock-in amplifier with a circuit that allowed dc voltage to be applied along with the ac voltage. Measurement of dielectric response for KDP is complicated by large non-linear effects, attributed to weakly pinned domain walls 7 , found at relatively low fields. Fig. 1 illustrates the voltage-dependence of the response for DKDP, showing effects very similar to those reported for KDP. 7 Most of our measurements were made using 1V rms or, for the secondorder non-linear response, 2V rms-large enough to be well into the non-linear regime in which several frequency-dependent features show up that are not apparent in the linear regime, and for which aging effects are particularly evident. 7 Broad-band dielectric response data were taken 11/16/16 6 using QuadTech 7600 Plus LCR meter using 1 V rms ac bias, and thus also well into the nonlinear regime. Although the response measured is therefore not, strictly speaking, the linear dielectric coefficient, we will still refer to the apparent coefficient determined from the current/voltage ratio as ε' for brevity.
Results
All samples showed the usual FE transition with a plateau regime for ε', as shown in Fig.   2 . Analysis of the temperature-dependence of the characteristic peak frequencies in Fig. 3 shows nearly-ordinary Arrhenius behavior near the high-T end of the plateau and sharply non-Arrhenius behavior near the low-T end of the plateau, for which no plausible Arrhenius attempt rate could be used, similar to previous reports 3, 5 .
(Previous work shows that the characteristic frequencies of these peaks in KDP are only very weakly dependent on ac field amplitude. 7 ) This non-Arrhenius freezing, following a Vogel-Fulcher form, confirms that a phase transition-or at least a strongly cooperative crossover effect-occurs at the low-T side of the plateau. It is evident that the large aging in DKDP cannot be a direct effect of the physics shared with KDP, which shows much smaller aging. Thus our further experiments concentrated on the large, easily measured, previously unreported aging in DKDP. The substantial difference of the aging after between-run anneals to 300K and 400K (well above T C ) strongly suggests that some ingredient other than domain walls and fixed disorder will be required, since fixed disorder doesn't anneal and all domain-wall effects should completely reset near T C .
Polarized light microscopy was used to directly visualize the aging domains. Figure 6 shows the domain structure during the aging at T=200K. Over most of the sample the approximate domain size is unchanged, and there are only small motions of the domain walls. In one anomalous region (lower part of the picture) the domain structure changed substantially. Since the approximate aging behavior was similar in each sample and involves huge fractional changes in ε', we believe that the anomalous regions are not needed to understand its crudest qualitative features. We shall, however, see relatively large variability between samples and on repeated thermal cycles. Large defects in the domain pattern are likely to be involved in those effects. The dependence of ε' on E implies a non-zero second derivative of polarization P with respect to E, which would lead to second-harmonic generation whose sign would depend on the sign of the change in E after aging. Fig. 10 shows this effect. There is also an offset in the second harmonic generation coefficient depending on the sign of the sweep of E(t). This effect is not obtainable from simply taking the derivative of the ε' shown in the Fig. 8 with respect to E. It would nonetheless be expected, because in addition to the deliberate long-time aging, there will be ongoing short-time aging, leaving each domain wall in an asymmetrical potential as E is swept over time, with the sign of the asymmetry depending on the direction of the sweep. retraced on re-heating, unlike similar effects in spinglasses 9 and some cubic relaxor ferroelectrics. 13 The rejuvenation after large-scale domain-wall reconfiguration can be seen particularly clearly when that rearrangement occurs in abrupt quakes. Direct measurement of the current generated by the capacitor, I P (t), almost always shows a remarkable noise effect Fig. 15 shows a warming run in the temperature range for which spikes were densest during cooling. Very few spikes in I P (t) and no large steps in ε'(t) are found. This behavior was consistent on all warming runs.
Discussion
The large aging in DKDP can be accounted for by a simple picture of H diffusion to the would be ~5nm displacement, which is comparable to the domain-wall thickness measured by X-ray methods. 14 The ability of the system to retain memory of prior aging fields even after much larger field excursions is compatible with the main mechanism being the formation of H-rich sheets, and seems incompatible with a model of detailed domain wall adjustment to fixed disorder. The persistence of memory even after heating to above T C is dramatic evidence supporting the same conclusion, since it requires formation of some pattern that persists even in the absence of ferroelectric domains.
One detailed oddity should be mentioned: the presence of a peak in ε"(E) near the aging E on subsequent E-sweeps but not immediately after the aging before a change in E. The change in ε' is due to both changes in the kinetics and direct growth of the potential well, possibly allowing and accidental cancellation of the effects on ε" under these conditions.
It might be possible to sort out these effects by comparing memory effects on ε' and ε" as well as checking for the effects of non-linearity, but that is beyond the scope of this paper.
The aging, rejuvenation, and noise effects also shed light on the physics of the dielectric freezing at the low-T edge of the plateau. Below ~165K aging has very little effect on ε', although above ~160K there is still a large ε' associated with the plateau. Since after sufficient aging time the aging effect mostly retraces upon subsequent warming, the inhomogeneities in the H distribution remain below 165K but have little effect on ε'. It 
